


Analysis of codon usage bias and nucleotide composition of mitochondrial genomes of the tuatara (Sphenodon punctatus)


ABSTRACT
The concept of codon usage bias (CUB) occurs when certain codons are utilized more repeatedly than the other synonymous codons for an amino acid. The investigation of CUB aids in the understanding of optimal codons, gene expression, protein production and trends of evolution. Tuatara has two mitochondrial genomes designated as tuatara mitochondrial genome 1 (TMG1) and tuatara mitochondrial genome 2 (TMG2). In our study, an in-house software was used to explore the CUB of TMG1 and TMG2, estimating their base contents, identifying overrepresented and underrepresented codons, and determining the factors contributing to the codon usage bias. The TMG1 and TMG2's base compositions showed the trend A>T>C>G and the GC composition was in the order GC1>GC2>GC3. The average ENC value in both sets of coding sequences was >35, indicating a lower CUB. Tuatara mitochondrial genomes are AT-rich. In TMG1, nine codons were found to be overrepresented, and nineteen codons were found to be underrepresented. On the other hand, TMG2 showed seventeen overrepresented codons and twenty-three underrepresented codons across the coding sequences of mt-genome. The results suggested that both the evolutionary processes namely, selective pressure and mutation governed the codon usage arrangement in the genes of tuatara mt-genomes.
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1. INTRODUCTION
The mitochondrial genome (mt-genome) in vertebrates is a circular cytoplasmic genome that is genetically distinct from the nuclear genome. Its size varies from 15 to 26 kb. Due to its small size, it is suitable as a molecular marker for species recognition and systematic phylogenetic studies. “It consists of two rRNA genes, thirteen protein-coding genes, a replication control region, and twenty-two transfer RNA (tRNA) genes. Introns are absent in the mt-genome” (Uddin, Mazumder et al. 2015).
The mitochondrial genome of tuatara is one of the more structurally complex mt-genomes identified. The classic and highly threatened terrestrial reptile tuatara (Sphenodon punctatus) is native to only 32 small islands of New Zealand. They are the only surviving members of the reptilian order Rhynchocephalia and evolved about 250 million years ago alongside other stem reptiles (Gemmell and Tollis 2020). The tuatara is a highly valuable object in Māori tribe of New Zealand, and they believe that tuatara is the guardian of some specially recognised places. The tuatara is also classified as a critically endangered species which faces extinction due to habitat destruction, global warming, disease, predation, and some other causes. Tuatara exhibits a wide range of physiological and morphological developments that have perplexed researchers since its discovery. It was assumed to possess a combination of characteristics shared by birds, lizards and turtles and this has posed a great question about its taxonomic status for decades. A few interesting features include temperature-dependent sex determination (in which males are produced above 22°C and females are produced below this temperature), a long lifespan, and relatively low basal metabolic rate (Gemmell, Rutherford et al. 2020).
According to a study, the tuatara mitochondrial genome is lacking the genes which codify ND5, tRNAHis, and tRNAThr (Macey, Pabinger et al. 2021). A recent study discovered two profoundly contrasting mitochondrial DNA molecules in tuatara, each of which contains the genes, that were previously identified as lacking but separated by a series of repeated control region copies (Macey, Pabinger et al. 2021). Tuatara is unusual as they are large-bodied reptiles that metabolize in cold conditions with convoluted mt-ATP synthesis (Miller, Biggs et al. 2012). The period of divergence of these molecules, as well as the selective pressures that contributed to the coexistence of two highly divergent mitochondrial genomes, are under investigation.
“In standard genetic code, there are 64 codons. Among them, 20 common amino acids in the polypeptide chain are codified by 61 codons. The remaining three codons (TAA, TAG and TGA) are known as stop codons. The standard genetic code varies from mitochondrial genetic code in vertebrates where 20 standard amino acids are codified by 60 sense, and synonymous codons. In mitochondrial DNA, four codons viz. TAA, TAG, AGA and AGG function as the stop codons. The codon TGA represents the amino acid tryptophan in vertebrate mitochondrial genes, unlike the standard genetic code where it represents the stop codon. On the other-hand, the codon ATA encodes isoleucine in standard genetic code but represents methionine in nearly all the metazoan mitochondrial genes. In standard genetic code, the amino acids are codified by 1, 2, 3, 4 and 6 codons; but the mitochondrial genetic code is more symmetric and only allows the degeneracy of amino acids by 2, 4 and 6 codons” (Barbhuiya, Uddin et al. 2021). In general, each amino acid is codified by more than one codon and therefore the genetic code is said to be degenerate. The concept of codon usage bias (CUB) occurs when some codons are used more often than other synonymous codons (Ikemura 1981, Bennetzen and Hall 1982). The choice of synonymous codons differs from species to species and as a result, the codons appear at varying frequencies in different genes (Uddin 2017). “The analysis of these variations between genomes and within the same genome aids in understanding the genome evolution amongst closely related organisms. Synonymous mutations affect mRNA translational efficiency through various cellular mechanisms. CUB regulates protein folding, which is required for efficient cellular functions” (Yu, Dang et al. 2015).
“To understand the phenomenon of CUB, several theories have been proposed. The two most well-known theories are neutral theory and the mutation-selection drift equilibrium model” (Sharp and Li 1986, Shields and Sharp 1987, Duret and Mouchiroud 1999). “According to neutral theory, most of the evolutionary changes occur at the molecular level, and the random genetic drift of mutant alleles that are selectively neutral causes the variations among the species. While, in the selection-mutation-drift model; genetic drift, natural selection and mutation are found to affect CUB. Other components that impact CUB include base skewness” (Chakraborty, Deb et al. 2019), nucleotide base composition (Bibb, Findlay et al. 1984), the gene expression level (Uddin and Chakraborty 2019), replication (Gupta and Ghosh 2001, Liu 2006), stability of gene, length of the gene (Eyre-Walker 1996), translational selection (Reis, Savva et al. 2004), secondary structure, dietary nitrogen (Seward and Kelly 2016) and hydrophobicity (Deb, Uddin et al. 2018). “Major determinants of CUB include variations in tRNA pool and disparity in a cell’s isochores” (Bernardi, Olofsson et al. 1985). “From the past few years, CUB has attracted attention of some researchers due to its significant contribution to the understanding of genome evolution and generating information on codon optimization. Codon usage research is critical for predicting and optimizing expression levels of genes and for detecting transfer of lateral gene” (Yu, Dang et al. 2015).
We used bioinformatics methods in our study, to compare the nucleotide composition and the patterns of codon usage between TMG1 and TMG2 with the hypothesis of no difference between. The codons that were under-represented and over-represented in tuatara mitochondrial genomes were also revealed. Further, the evolutionary forces that operated on the mt-genomes of tuatara were also uncovered in the present study. 
2. METHODOLOGY 
2.1. Collection of coding sequences
The coding sequences (cds) of tuatara mt-genome were downloaded in FASTA format from the GenBank database maintained by NCBI, USA (https://www.ncbi.nlm.nih.gov/). Only those cds with no uncertain bases (marked as N) and with proper initiation and termination codons were considered for this analysis.

2.2. Nucleotide compositional properties
Tuatara mitochondrial genomes were analysed for the following features: (i) overall nucleotide composition (A%, G%, T%, and C %) and nucleotide compositions in the 3rd position of the codon, (ii) total guanine and cytosine percentage of synonymous codons in each sequence and also guanine and cytosine percentages in the first, second, and third positions of synonymous codons. To better understand the compositional properties of each cds, we also calculated various nucleotide skews like GC skew (G-C/G+C), AT skew (A-T/A+T), pu skew (A-G/A+G), py skew (T-C/T+C), amino skew (A-C/A+C) and keto skew (T-G/T+G) values.

2.3. Effective Number of Codons (ENC)
The parameter ENC is used to calculate the CUB of gene and its value extends from 20 to 61. The ENC value 20 indicates the existence of the highest codon bias i.e., only one member among the synonymous codons within a family is used to codify the particular amino acid. On the other-hand, ENC value of 61 indicates that all the synonymous codons of each amino acid are used and there is little or no bias. If value of ENC of a gene or genome is ≤ 35, then it indicates that the level of CUB is significant (Wright 1990).
ENC can be calculated by using the Fa value for each amino acid. Fa value can be calculated using the following formula:

Where, the frequency of ‘i’th codon is given by 'pi', the count of synonymous codons for the 'a'th amino acids is given by k and the observed value of codons for the amino acids is designated by 'na'. The average of the Fa value for each r-fold redundancy class (where r =  2, 4 and 6 for amino acid in translation table 2 of NCBI) was estimated as:


Where, nRC denotes the total number of amino acids.
ENC can be calculated by using the following formula:

The symbol Fk in the k-fold degenerate amino acids stands for the mean of Fk values (k= 2, 4 and 6). 

2.4. Relative Synonymous Codon Usage (RSCU)
The parameter is broadly applied to reveal the frequent codons across genes and genomes. With an assumption that every synonymous member of an amino acid has equal chance of being incorporated in coding sequence, the RSCU is measured as the ratio of observed to the expected frequency of codons. RSCU value of a codon greater than 1.0 indicates more frequent usage of the codon than expected and less than 1.0 indicates less frequent usage. RSCU value of more than 1.6 means that the codon is over-represented in coding sequences and less than 0.6 indicates the under-represented codon (Sharp and Li 1986).
The following formula was used to measure the RSCU value:




Where, ni denotes the codons' number for the ith amino acid, and Xij denotes the frequency of jth codon for ith amino acid. Any Xij with a zero value is assigned 0.5 at random.

2.5. Correspondence analysis (COA)
This computational tool is used to analyse broad patterns in CUB heterogeneity and it distributes the codons between two ordinates based on the trends (Shields and Sharp 1987). Each cds is defined as a 60-dimensional vector, with each vector corresponding to the RSCU value of each synonymous codon for mt-genomes (total 60 codons). The key trends in codon usage variation may be estimated using relative inertia, which examines the major variables impacting the codon usage pattern based on the location of the genes or genomes.

2.6. Parity plot (PR2) bias analysis
PR2 plot is a scatter diagram and it is drawn with the AT-bias value [A3/ (A3+T3)] as the ordinate and the GC-bias value [G3/ (G3+C3)] as the abscissa (Sueoka 1995). In the centre of the plot both coordinates are 0.5; with A= T and G=C, indicating that there is no bias caused by the two evolutionary forces (i.e., mutation and natural selection).

2.7. Neutrality Plot
With the use of this plot, we can measure the degree of evolutionary forces (Zhang, Dai et al. 2013). The GC12 value is plotted on the vertical axis, while the GC3 value is plotted on the horizontal axis. The slope (regression coefficient) closer to one means that the mutational pressure plays a dominant role (Sharp and Li 1986); while the slope close to zero indicates that the natural selection plays a major role over mutational pressure in the shaping of CUB (Sueoka 1995).

2.8. Translational selection (P2)
It indicates the influence of translational efficiency and the efficiency of codon-anticodon relation across a gene. A translational selection value greater than 0.5 indicates that the cds was favoured by translational selection, while a value less than 0.5 indicates that it was not favoured by the translational selection process (Gouy and Gautier 1982).

2.9. Mutation responsive index (MRI)
In a cds, the degree of mutational drift can be determined from the MRI value. The effect of directional mutation is indicated by positive MRI value, while the influence of translational selection is indicated by negative MRI value (Gouy and Gautier 1982). 

2.10. Statistical analysis
SPSS 16.0 for Windows is a statistical program and is used to determine the Pearson’s correlations of the parameters like base contents, the effective number of codons, skew values, properties of protein with CUB etc.

3. RESULTS
3.1. Analysis of CUB
“We determined the ENC values of the cds for the mitochondrial genomes of tuatara to investigate the degree of CUB. We found that the ENC values of tuatara mitochondrial genome 1 (TMG1) ranged from 21 to 61, with an average of 42.461, and the values of tuatara mitochondrial genome 2 (TMG2) ranged from 40 to 49, with an average of 44.538, suggesting that the average value was >35 in both the mt-genomes and that indicated low CUB of the cds in both genomes” (Butt, Nasrullah et al. 2014). 

3.2. Codon Usage Patterns
The RSCU value greater than 1.6 indicates the over-represented codon, while the under-represented codon is identified by the RSCU values of less than 0.6. In Fig.1, we had mentioned the RSCU values of all codons and compared the two mt-genomes. In TMG1, we found nine codons that were over-represented; while nineteen codons were found to be under-represented [Table 1]. In TMG2, seventeen codons were found to be over-represented, while twenty-three codons were found to be under-represented [Table 1]. Preferred codons (>1) in both the mt-genomes (TMG1 and TMG2) are listed in Table 2.
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Figure 1. Overall RSCU values of codons in TMG1 and TMG2

Table 1. Over-represented and under-represented codons of TMG1 and TMG2
	TMG1
	TMG2

	Over-represented Codons
	Under-represented Codons
	Over-represented Codons
	Under-represented Codons

	TCA
	TCG
	TCA
	TCG

	CTA
	AGT
	TCC
	AGC

	CCA
	TTG
	TCT
	AGT

	CAA
	CTG
	TTA
	TTG

	CGA
	TGT
	CTA
	CTG

	ACA
	CCG
	TGC
	TGT

	AAA
	CAT
	CCA
	CCC

	GTA
	CAG
	CAA
	CCG

	GGA
	CGG
	CGA
	CAC

	
	TGG
	CGC
	CAG

	
	ACG
	TGA
	CGG

	
	AAT
	ACA
	CGT

	
	AAG
	AAA
	TGG

	
	GTG
	GTA
	ACG

	
	GCG
	GCA
	ACT

	
	GAT
	GAA
	AAT

	
	GAG
	GGA
	AAG

	
	GGT
	
	GTG

	
	ATG
	
	GCG

	
	
	
	GAG

	
	
	
	GGG

	
	
	
	GGT

	
	
	
	ATG



Table 2. Preferred codons of TMG1 and TMG2
	Preferred Codons of TMG1
	Preferred Codons of TMG2

	TCA
	TCA

	TCC
	TCC

	TCT
	TCT

	TTT
	TTT

	TTA
	TTA

	CTA
	CTA

	TGC
	TAT

	CCA
	TGC

	CCT
	CCA

	CAC
	CAT

	CAA
	CAA

	CGA
	CGA

	CGC
	CGC

	TGA
	TGA

	ATA
	ATA

	ATT
	ATT

	ACA
	ACA

	ACC
	ACC

	AAC
	AAC

	AAA
	AAA

	GTA
	GTA

	GCA
	GTC

	GCC
	GCA

	GAC
	GCC

	GAA
	GAC

	GGA
	GAA

	GGC
	GGA

	
	GGC



3.3. Compositional properties
“In the previous findings of CUB, it was mentioned that the total nucleotide compositional properties might have affected the synonymous codon usage of a gene or genome” (Jenkins and Holmes 2003). In this study, the total nucleotide abundance and the base compositions at the third location of codons in both the mt-genomes were measured (Figs. 2 and 3). In both TMG1 and TMG2, T (~29%) and C (~26%) bases were found in almost equal proportions; while, the proportions of A (~30% in TMG1 and ~32% in TMG2) and G (~14% in TMG1 and ~13% in TMG2) bases were different. The overall GC% in TMG1 and TMG2 was 40.75% and 39.04%, respectively, while the overall AT% were 59.25% and 60.96%, respectively, suggesting that tuatara mitochondrial genes are AT-rich (>50%). Comparing both the mt-genomes at the third codon position, A (42.26% and 48.25%) was most frequent, followed by C (27.53% and 25.39%), T (21.71% and 20.23%), and G (8.50% and 6.14%). The overall GC3% contents were 36.05 and 31.57 for TMG1 and TMG2 respectively, and AT3% contents were 63.95 and 68.43, which meant that in both the mt-genomes, AT content was rich at the 3rd position of the codons. In both the mt-genomes, GC content followed the series GC1>GC2>GC3. We found a significant correlation between A3 content and ENC in TMG1 (p< 0.01, 0.05), and an extremely significant correlation among the ENC and the nucleotide contents A, C, G, T, GC, A3, T3, C3, G3 and GC3 in TMG2 (p<0.01, p<0.05) [Table 3]. It suggested that the impact of nucleotide contents on CUB was high.
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Figure 2. Comparative study of nucleotide compositions of TMG1 and TMG2
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Figure 3. Comparative study of GC contents of TMG1 and TMG2

Table 3. Correlation between ENC and base content of genes in TMG1 and TMG2

	
	
	A%
	T%
	G%
	C%
	A3%
	T3%
	G3%
	C3%
	GC%
	GC3%

	ENC
	TMG1
	-0.04
	0.24
	-0.01
	-0.21
	-0.56*
	-0.07
	0.20
	-0.03
	-0.17
	-0.44

	
	TMG2
	-0.89**
	0.98**
	-0.35
	0.98**
	0.82**
	-0.81**
	0.67*
	0.10
	0.94**
	0.85**



**Significant at p < 0.01, *Significant at p <0.05

3.4. Correspondence analysis
“This computational method is used to find out the variation of synonymous codon usage patterns using the RSCU values of codons. We conducted a correspondence analysis of the sense codons of tuatara mt-genomes in our study (Fig.4). Both the axes are the main contributors to the overall variation. In TMG1, axis 1 occupied 39.47% and axis 2 occupied 15.95% of the overall variation. While in TMG2, axis 1 occupied 79.99% and axis 2 occupied 19.92% of the overall variation. In Fig. 4, orange dots represent the AT-ending codons, while blue dots represent the GC-ending codons. The distribution of bases around the axes in the figures indicated that mutational pressure might have shaped the CUB of mt-genomes” (Wei, He et al. 2014). 
[image: ]
Figure 4. Correspondence analysis plots of (A) TMG1 and (B) TMG2

3.5. Parity rule 2 plot (PR2) 
“In PR2 analysis, the effect of mutation in CUB is explained by an equitable distribution of nucleobases across the plot; while the involvement of both natural selection and mutational pressure is explained by a disproportionate distribution. The analysis was performed to explore the effect of evolutionary determinants on CUB (Fig.5). For this analysis, we plotted (G3/ G3+C3) on the horizontal axis and (A3/ A3+T3) on the vertical axis. We noticed an uneven distribution of bases across the plot which indicated that the CUB was affected by both the evolutionary forces”  (Deb, Uddin et al. 2018). 
[image: ]
Figure 5. Parity bias plots of 2, 4 and 6-fold degenerate codons in (A) TMG1 and (B) TMG2

3.6. Interrelationships among base compositions
“Two evolutionary factors are mainly responsible for the variation in the codon usage patterns” (Mazumder, Uddin et al. 2018). Correlation analysis of compositional propertie (Chen 2013) was used to determine the primary forces that influence the display of CUB in the genes. Using Karl Pearson's method, we correlated overall nucleotide contents with nucleotide contents at the third position of codons [Table 4]. “A highly significant correlation at p<0.01, 0.05 was observed, which implied that mutation pressure might be the prime deciding factor in the CUB of genes in tuatara mt-genomes” (Zhao, Zhang et al. 2007, Zhang, Dai et al. 2013).

Table 4. Correlation study in TMG1 and TMG2 between overall nucleotide contents and nucleotide contents in third position of codons
	
	TMG1
	TMG2

	
	A3%
	T3%
	C3%
	G3%
	A3%
	T3%
	C3%
	G3%

	A
	0.95**
	-0.95**
	-0.96**
	0.86**
	0.99**
	-0.93**
	-0.55
	-0.99**

	T
	-0.92**
	0.98**
	0.90**
	-0.89**
	-0.91**
	0.81**
	0.31
	0.99**

	G
	-0.92**
	0.95**
	0.91**
	-0.86**
	-0.27
	0.46
	0.90**
	0.00

	C
	0.86**
	-0.97**
	-0.82**
	0.88**
	-0.69**
	0.52
	-0.08
	0.86**

	GC
	-0.26
	0.08
	0.34
	-0.05
	-1.00**
	0.98**
	0.66*
	0.97**


	
**Significant at p < 0.01, *Significant at p <0.05

3.7. Neutrality plot
It is applied to measure the effect of evolutionary forces and the association of GC3 and GC12 on the mt-genomes. In our study, the effect of directional mutation across all codons in TMG1 was shown by a negative correlation between GC3 and GC12 (r = -0.108, p<0.01), but for TMG2, a positive and highly significant correlation value between GC3 and GC12 (r = 0.980, p<0.01) was found (Sueoka 1988). Furthermore, for the mt-genomes (TMG1 and TMG2), we had plotted GC3 and GC12 on the abscissa and ordinate respectively and a steady regression graph was generated (Fig. 6). Natural selection is said to play a larger role when the regression coefficient (RC) is < 0.5, whereas mutational pressure is assumed to play a larger role when the RC is > 0.5. Our study yielded the RC values of 0.080 for TMG1 and 0.208 for TMG2 and it suggested that in regulating the CUB of the genes in tuatara mt-genomes, natural selection played a larger role than the mutational pressure. 
[image: ]
Figure 6. Neutrality plots of (A) TMG1 and (B) TMG2

3.8. Nucleotide skewness
In this experiment, the mean value of AT skew was 0.0085 and the mean GC skew value was -0.2923 for TMG1; while TMG2 had a mean value of 0.03381 for AT skew and -0.3438 for GC skew.  Both the mt-genomes of tuatara clearly indicated that A and C were used more often than T and G bases (Wei, He et al. 2014). Previous studies on CUB suggested that nucleotide skewness showed a greater role in moulding the CUB of genes or genomes (Deb, Uddin et al. 2018). For TMG1, we used Karl Pearson's method to compare base skew values with ENC and found a positive correlation of CUB with GC skew (0.067), py skew (0.230), amino skew (0.251), and keto skew (0.328), yet a negative correlation of AT skew (-0.140) and PU skew (-0.004) with ENC. Although we found a negative correlation with GC skew (-0.725), AT skew (-0.889), pu skew (-0.238), py skew (-0.822), and amino skew (-0.987) for TMG2, but keto skew (0.679) showed positive correlation with ENC. These indicated that throughout the mt-genomes, the nucleotide skewness of cds could affect the CUB of genes.

3.9. Role of translational selection (P2)
P2 values are used to learn whether the mt-genes are driven by translational selection. In our study, we calculated the average P2 value of TMG1 and found that it was 0.449. While the mean P2 value for TMG2 was found to be 0.453. P2 value less than 0.5 indicated that translational selection played a smaller role across the genes of two mt-genomes (Chakraborty, Deb et al. 2019). Correlation analysis between the ENC and the P2 values revealed a positive and highly significant correlation (r=0.858, p<0.01) for TMG2, which implied a favourable relationship between CUB and translational selection for TMG2 (Deb, Uddin et al. 2020).

3.10. The mutation responsive index (MRI)
It is used to calculate the effects of translational selection and mutation on CUB (Chakraborty, Deb et al. 2019). The presence of mutation pressure is indicated by a positive MRI value, while translational selection pressure is indicated by a negative MRI value. In our study, TMG1 had a mean MRI value of +0.015 and TMG2 had a mean MRI value of -6.091, which indicated that TMG1 showed the effect of lateral mutation pressure and TMG2 showed the role of translational selection in the mt-genome.

4. DISCUSSION
Two evolutionary forces (i.e., mutation pressure and natural selection) are considered as the main factors that throw an impact on CUB. Other factors that also influence the CUB include the expression of the genes, base composition, nonsense mutation, genetic drift, missense mutation, and mRNA stability. In our study, we investigated the degree of CUB of genes in tuatara mt-genomes, entire base compositional properties, the codons that are under-represented and over-represented, the impact of nucleotide skewness, and the role of evolutionary factors. The results shed light on the expression of genes in the mt-genomes, the effect of mutational and selection pressure on both the mt-genomes and the codons that were favoured for each amino acid. As not many studies were undertaken to estimate CUB of genes in reptilian species (except in Bungarus species), so we compared our findings between two mt-genomes belonging to the same species under the class Reptilia, to identify the similarities and dissimilarities between them.

The effective number of codons is a measure of the CUB of mitochondrial genes. The mean ENC values for both the mt-genomes were low in the current analysis, which means that the codon usage in tuatara was very little biased (Chakraborty, Deb et al. 2019). The presence of low CUB is supposed to encourage the usage of more codons, which might result in faster translation (Jenkins and Holmes 2003). According to Chakraborty et al. (2017), ENC values in four Bungarus species ranged from 40 to 60, suggesting low codon bias of genes (Chakraborty, Nag et al. 2017) and hence more genetic variability in codon usage. 

[bookmark: _GoBack]“The base composition of the gene was found to have a substantial impact on codon usage” (Chakraborty, Deb et al. 2019). In both the mt-genomes, the base frequency of C and T was almost similar in this study. On the other hand, G and A had different frequencies. The genes of tuatara mitochondrial genomes were AT-rich (Fig 2, 3). “Mutation pressure is thought to play a very substantial role in determining the CUB if certain genes or genomes contain higher A and T, or G and C content” (Sharp and Li 1986, Karlin and Mrázek 1996, Zhao, Zhang et al. 2007, Zhong, Li et al. 2007).

In the third codon position, the nucleotide A was the most abundant, followed by C, T, and G. Highest amounts of G and C were noticed in the first codon position but the least in the third position. Proportional relationship between GC and CUB was previously recorded in some studies (Uddin and Chakraborty 2019). Chakraborty et al. (2017) in their study found that except B. fasciatus, all the Bungarus species contained the maximum average value of base A. They also compared the bases of codons in the third position (A3, T3, G3, and C3) and discovered that in B. candidus and B. multicinctus, T3 was the highest, while in B. flaviceps and B. fasciatus, C3 was the highest. In their analysis, a nearly equal distribution of the total percentage of GC and AT contents was noticed in the cds of Bungarus species (Chakraborty, Nag et al. 2017).

A statistical tool called correspondence analysis was applied to calculate the degree of variation in CUB. In our study, the closely scattered bases around the ordinates represent the effect of mutational pressure (Fig. 4). We discovered that in case of TMG1, the axis 1 occupied 39.47% of the total variation, while axis 2 occupied 15.95%. In the case of TMG2, axis 1 occupied 79.99% of the overall difference while axis 2 occupied 19.92%. Chakraborty et al. (2017) in their study found that axis 1 contributed 47.03% of the overall difference in B. multicinctus, while axis 2 contributed 23.67%. In B. fasciatus, axis 1 was responsible for 28.85% of the difference, while axis 2 was responsible for 22.33%. In B. candidus, axis 1 was responsible for 25.87% of the difference, while axis 2 was responsible for 20.68%. The axis 1 was responsible for 22.22% of the difference in B. flaviceps, while axis 2 was responsible for 14.69% (Chakraborty, Nag et al. 2017).

Using parity rule 2 bias plots, we investigated the effects of two primary evolutionary factors that had driven the CUB of genes in two mt-genomes (Fig. 5). The scatter plot revealed base distribution that was disproportionate and it indicated that both the evolutionary forces played a vital role in CUB of the mt-genes (Uddin and Chakraborty 2019). Uddin et al. (2017) in their analysis for parity rule 2, discovered that GC and AT were not used proportionately in the four Bungarus species. According to this observation, both the evolutionary forces had contributed to the CUB (Chakraborty, Nag et al. 2017). 

In this study, we used neutrality plot with GC12 and GC3 contents to examine the magnitude of evolutionary forces (Fig. 6). From the plot, the regression coefficient was found to be 0.080 for TMG1, and for TMG2 it was 0.208, which indicated that in determining the CUB of two mt-genomes, natural selection played a very important role rather than mutation. Highly significant correlation was noticed between GC3 and GC12 (r=0.980, p<0.01), for TMG2. In the genes of Bungarus multicinctus, the slope of the regression line was 0.034 that implied only 3.4% effect of mutation pressure, while the effect of natural selection was 96.6%  (Chakraborty, Deb et al. 2019). The slope of the regression line in Bungarus fasciatus was 0.025, which denoted that the impact of mutational pressure was just 2.5%, whereas natural selection was 97.5%. The slope of the regression line in Bungarus candidus was 0.040, which indicated a mutation burden of only 4% and natural selection of 96%. The slope of the regression line in Bungarus flaviceps was 0.475, which showed 47.5% mutation pressure and 52.5% natural selection. According to these findings, natural selection influenced the CUB of genes in four Bungarus species (Sueoka 1988, Liu, Huang et al. 2012, Nair, Nandhini et al. 2013, Jia, Liu et al. 2015).

Nucleotide skewness was used to measure the uneven distribution of nucleotides in cds, where x and y denoted two distinct nucleotides. The CUB of genes in mt-genome was affected by nucleotide skewness (Chakraborty, Deb et al. 2019). For TMG1, we found a negative value for average GC skew (- 0.292) and a positive value for average AT skew (0.008), indicating that C and A were used more often than G and T, respectively (Wei, He et al. 2014). While for TMG2, we found a negative value for average GC skew (-0.343) and a positive value for average AT skew (0.0338), implying more frequent use of C and A, over G and T respectively. 

In the case of TMG1, the correlation study of ENC with nucleotide skews revealed that CUB showed a positive correlation with GC skew, py skew, keto skew and amino skew, but a negative correlation with PU skew and AT skew. Although we found a negative correlation of ENC in TMG2 with GC skew,py skew, pu skew, AT skew, and amino skew; a positive correlation was found between ENC and keto skew, implying that the nucleotide skews might have affected the CUB of genes in the mt-genomes.

Gouy and Gautier (Gouy and Gautier 1982) reported that translational selection is a major factor affecting the CUB of highly expressed genes, since the most common tRNA molecules in cells recognize the preferred codons of strongly expressed genes. Gouy and Gautier suggested that a mean P2 value more than 0.5 hints at the preference for translational selection (Gouy and Gautier 1982), but in this analysis, we measured the mean P2 value of TMG1 as 0.449, while the P2 value for TMG2 was 0.453. Further, the correlation analysis in TMG1 revealed a negative correlation (-0.452) between ENC and P2 values, but in TMG2a positive and highly significant correlation (0.858, p<0.01) was observed, indicating that translational selection and CUB of mt-genes in TMG2was related. 

In our analysis, TMG1 had a mean MRI of 0.015, suggesting the influence of lateral mutation pressure, while TMG2 had a value of -6.091, indicating the influence of translational selection in the mt-genes. Uddin et al. (2017) in their studies found that translational selection was superior over mutational pressure in four Bungarus species, with average MRI values of -2.58 (B. candidus),  -8.74 (B. flaviceps), -0.19 (B. fasciatus), and -1.44 (B. multicinctus) (Gouy and Gautier 1982, Gatherer and McEwan 1997, McEwan and Gatherer 1999, Chakraborty, Deb et al. 2019).

5. CONCLUSION
Comparative analysis of TMG1 and TMG2 shows that both mitochondrial genomes exhibit low overall codon usage bias and are strongly AT-rich, reflecting the general mutational tendencies in tuatara mt-genomes. Despite these similarities, the two genomes differ significantly in the number of over- and under-represented codons, with TMG1 showing nine overrepresented and nineteen underrepresented codons, while TMG2 has seventeen overrepresented and twenty-three underrepresented codons. This indicates that synonymous codon usage is not uniform between the two genomes and that evolutionary forces have acted differently on them. MRI and PR2 analyses suggest that mutation pressure has a stronger influence on TMG1, whereas translational selection plays a more prominent role in TMG2. These differences imply that mitochondrial evolution in tuatara is shaped by a combination of mutational bias and selective constraints, which vary across genes and genomes. From the neutrality plot study, we found that natural selection rather than mutational pressure has played a dominant role in determining the CUB of the two mt-genes. The distinct codon usage patterns may reflect adaptation to mitochondrial gene expression requirements or other lineage-specific evolutionary pressures. Overall, the findings highlight the complex interplay of evolutionary forces in shaping codon usage and provide new insights into the molecular evolution of tuatara mitochondria.
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